Introduction
Mammalian mitochondria contain small semi-independent genomes referred to as mtDNA, which encode the key subunits of the oxidative phosphorylation (OXPHOS) system. The concerted action of both the nuclear and mitochondrial genomes is required for OXPHOS and the synthesis of adenosine triphosphate (ATP). MtDNA codes for 13 proteins, 2 mitochondrial (mt-) rRNA and 22 mt-tRNA, required for intramitochondrial protein synthesis.
These combine with ~90 nuclear-encoded proteins to form five OXPHOS enzyme complexes. An additional 200-300 mammalian genes are involved in mtDNA maintenance, in various steps of mitochondrial protein synthesis, and assembly of the respiratory chain complexes.
Universally, RNA molecules undergo multiple post-transcriptional modifications, which are crucial for their biogenesis and/or function. The mitochondrially-encoded tRNAs also undergo extensive post-transcriptional maturation including chemical nucleotide modifications, CCA addition at the 3' end and deadenylation (1, 2) . Recent data suggest that over 7% of all mt-tRNA residues in mammals undergo post-transcriptional modification, with over 30 different modified mt-tRNA positions so far described (3) . The nucleotide modifications of mt-tRNA play a role in decoding, tRNA structural stability, and aminoacylation (4).
Cytosine-5 methylation is a common epigenetic modification found in DNA where it plays important regulatory roles in transcription (5) . It is also the most abundant post-transcriptional RNA modification (6) and several enzymes responsible for these RNA modifications have been identified. With the exception of DNA methyltransferase 2 (Dnmt2), which catalyses m 5 C formation of position C38 of cytoplasmic (cyto-) tRNA Asp , tRNA
Val and tRNA Gly (7, 8) , all known RNA methyltransferases are members of the highly conserved NOL1/NOP2/Sun (NSUN) domain containing family. NSUN1 and NSUN5 are involved in m 5 C modification of rRNAs for cytoplasmic ribosomes (9, 10) , while cytoplasmic tRNA Cys and tRNA Thr (position 72) are the substrates of NSUN6 (11) . Two NSUN family members are imported and function in mitochondria. NSUN4 methylates mitochondrial 12S mt-rRNA and plays a role 4 in mitochondrial ribosome biogenesis (12) . Furthermore, our group and others have demonstrated that NSUN3 is responsible for methylation of position C34 of mt-tRNA Met (13) (14) (15) , which is further oxidised to 5-formylcytosine by AlkBH1 (15, 16 (17, 18) . In addition to cytoplasmic tRNAs this protein also methylates a variety of cytoplasmic mRNAs (19) and vault non-coding RNAs that can function as microRNAs (20) .
Recent data indicate that defects in the nucleotide modification of mt-tRNA can lead to human disorders of mitochondrial respiration (1, (21) (22) (23) . The m 5
Materials and Methods

Animals and housing
All animal experiments were carried out in accordance with the UK Animals 
Maintenance and transfection of mammalian cell lines
All cells were grown at 37°C in a humidified atmosphere with 5% CO2 in highglucose DMEM supplemented with 10% foetal bovine serum.
The Flp-In T-Rex HEK293T cell line was used to generate a doxycyclineinducible expression of NSUN2.FLAG.STREP2. The full-length NSUN2 cDNA construct was cloned into a pcDNA5/FRT/TO plasmid encoding FLAG.STREP2-tag as previously described (25) . The oligonucleotides used for cloning can be found in Supplementary Table S1 . Cells were grown in the same medium described above, supplemented with selective antibiotics hygromycin (100 µg/mL) and blasticidin (15 µg/mL). 
Genome editing by CRISPR/Cas9
To generate NSUN2 knockout in human cells, a pair of gRNAs against Table S1 ) were cloned in All-in-One-GFP plasmid as described in Chiang et al. (26) . The plasmid was transfected into human osteosarcoma U-2 (U2OS) cells by electroporation using the Neon Transfection System (Life Technologies) according to the manufacturer's instructions. 24 hours after transfection, cells were FACS-sorted based on EGFP expression and plated to obtain individual clones. NSUN2 KO clones were analysed by PCR and Sanger sequencing to detect NHEJ-related nuclear genome edits, RT-qPCR (using SYBR Green Master Mix with 100 ng cDNA input) to analyse steady-state levels of NSUN2 mRNA Table S2 ) and Western blotting to examine NSUN2 protein levels (Supplementary Figure S1) .
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Spatially restricted proximity labelling and MS analysis
For subcellular proteome mapping, we prepared several HEK293 cell lines stably expressing various sub-mitochondrially localised constructs of APEX2.
The specific sub-mitochondrial localisation was achieved by fusing APEX2 to a well-characterised targeting signal directing it to the mitochondrial matrix 
Immunodetection of proteins
The intracellular localization of NSUN2 by immunofluorescence in fixed human osteosarcoma 143B cells was performed as described previously (30) .
The following antibodies were used: rabbit anti-TOM20 (Santa Cruz Table S2 ), excess primers were removed with Ampure XP
beads. An 8 cycles second round PCR was performed with indexed primers (Nextera XT), followed by another clean-up with Ampure XP beads. Quality and concentration were assessed with a D1000 Screentape for TapeStation (Agilent Genomics). Libraries were subjected to high-throughput sequencing using the Illumina MiSeq platform. After quality trimming and 3' end adaptor clipping with Trim_Galore!, reads longer than 20 nt were aligned to a computationally bisulfite-converted human reference genome (GRCh38) with Bismark (31).
Results
A proportion of NSUN2 localises inside human mitochondria
In order to obtain data on the subcellular localisation of endogenous NSUN2
in human cells, we conducted spatially restricted proximity labelling experiments (32) . We targeted APEX2 to four different subcellular compartments of HEK293 cells: mitochondrial matrix (using the mitochondrial targeting sequence of cytochrome c oxidase fused to APEX2: Matrix-APEX2), the mitochondrial intermembrane space (using SCO1 fused to APEX2: IMS-APEX2), outer-mitochondrial membrane (using TOM20 fused to APEX2:
OMM-APEX2) and the cytosol (using a nuclear export signal, NES, fused to APEX2: Cyto-APEX2) ( Figure 1A ) (28) . Within these subcellular localisations,
we found that endogenous NSUN2 was reproducibly labelled by matrix-APEX2, while other APEX2 constructs showed no labelling on this protein that the mt-tRNA Met wobble base C34 is not affected by the lack of NSUN2, consistent with the previous reports on NSUN3 being responsible for modifying this base (13) (14) (15) . On the contrary, methylation levels of position C47, which is almost fully methylated in wild-type mouse tissue, were reduced to background levels in the NSUN2 -/-mice samples (Figure 4B-C ( Figure 4D-E 
Human NSUN2 methylates mitochondrial tRNAs at positions 48-50
Next, we intended to verify whether human NSUN2 is also responsible for methylation of mt-tRNA. To this end we performed targeted BS RNA-Seq using RNA isolated from primary fibroblasts from a patient harbouring a homozygous splice mutation in the NSUN2 gene and that lacks a functional NSUN2 protein (NSUN2 mut/mut) (35) . We used RNA from a healthy control (WT) and fibroblasts from a patient carrying loss-of-function mutations in NSUN3 (NSUN3 mut/mut) (13) as controls. We analysed six mt-tRNAs that contain at least one cytosine in the V-loop region, namely mt-tRNA To corroborate these results, we have generated an NSUN2 CRISPR/Cas9 knock-out cell line using human U-2 osteosarcoma (U2OS) cell line (NSUN2 KO) (Supplementary Figure S1) . Firstly, we confirmed the lack of detectable 
Mitochondrial function upon inactivation of NSUN2
In the next set of experiments, we asked whether ablation of NSUN2 affects mitochondrial function in vivo in a mouse model through its impact on mitochondrial gene expression. NSUN2 knock-out mice are viable, but appreciably smaller than their wild-type and heterozygous littermates, with males being sterile and both genders showing cyclic alopecia (24) and brain development disorders (36) . Firstly, we checked whether the absence of NSUN2 in mice affects mtDNA copy number. We analysed mtDNA copy number by qPCR in liver and heart tissue from NSUN2 knock out (NSUN2 -/-) mice and age-matched wild type control tissue, however, no significant difference was measured ( Figure 7A) . In order to investigate the effect of the 14 lack of NSUN2 on the stability of mt-tRNAs, we performed northern blot analysis using mouse RNA isolated from liver and heart (Figure 7B-C) . We found no significant differences in the steady-state levels of mouse mitochondrial NSUN2-targets (mt-tRNA 
